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1. Introduction 
The possession of collagen as a structural frame- 
work is by no means a prerogative of higher animals 
but is found in the simplest multicellular animals 
such as marine sponges and jelly fish [ 11. Comparative 
studies on the nature of the cross-links are therefore 
of particular interest not only because of the obvious 
phyogenetic antiquity of these animals but also be- 
cause of the findingthat these primitive collagens 
comprise a single type of a-chain [2,3] . 
Previous studies on collagen fitres from mamma- 
lian and avian tissues have demonstrated the presence 
of inter-molecular cross-links derived from lysine and 
hydroxylysine aldehydes [4, 51. These cross-links 
have also been shown to be present in reprecipitated 
collagen from various tissues [6, 71. The collagen of 
fish tissues have also recently been shown to be sta- 
bilized by the same type of cross-links [8] , and in 
a continuation of these comparative studies a num- 
ber of more primitive animals have now been analysed. 
This paper reports that the stability of the collagen 
fibres of primitive invertebrates and cyclostomes are 
based on the same cross-linking system as the higher 
vertebrates. 
2. Materials and methods 
2.1. Preparation of tissues 
(i) Elasmobranchs. 
The skins of dogfish (Scyllum canicula) and of 
rayfish (Baja clavata) were scraped clean of adhering 
muscle tissue, cut into small pieces and shredded in 
an Ato-Mix homogenizer (M.S.E.). The fibres were 
washed with 0.9% NaCl (pH 7.4) and reduced as a 
suspension as described below. 
(ii) Cyclostomes. 
The lamprey was used as an example of this class 
of animal. The skin and the soft cartilagenous back- 
bone were dissected out and washed in copious 
amounts of 0.9% NaCl (pH 7.4), homogenized and 
reduced asa suspension in buffered saline. 
(iii) Invertebrates. 
a) Sea anemone. The collagen fibres were obtained 
from three species of sea anemone. Calliactus con- 
tains a hard cartilagenous body wall, while Metridium 
has a soft body wall, both of which could be readily 
obtained by scraping away the softer tissues. The 
collagen fibres of Actinia equina, however, are dis- 
tributed throughout the body and, in contrast to the 
above, the fibres are soft and very fine. The outer 
body was homogenized, centrifuged and washed ex- 
tensively until the fine white collagenous fibres were 
obtained. 
b) Sponge. A portion of the body of the sponge 
(Sukrites) was homogenized in 0.9% saline and re- 
duced as a suspension. 
c) Earthworm cuticle. Common earthworms 
(Lumbricus) were washed, immersed in ether and tne 
cuticles peeled off and scraped clean. After washing in 
0.9% saline the cuticle was homogenized in a Polytron 
homogenzier (Northern Media Co., Hull, England) 
and reduced as a suspension of intact fibres. 
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Fig. 1. Tritium distribution in acid hydrolysates of reduced 
invertebrate collagens. (a) Sea anemone (Calliactus), (b) 
Earthworm cuticle and (c) Sponge (Suberites). The diagram 
shows the position of the two reduced intermolecular cross- 
links, syndesinol and hydroxylysinonorleucine (OH-LNL). 
d) Ascaris cuticle. Ascaris Iumbricoides were ob- 
tained from porcine intestines. After freezing at 
-20” they were allowed to thaw slightly, allowing 
the cuticle to be easily peeled off as a clear mem- 
brane. The cuticle was washed and homogenized in 
0.9% saline (pH 7.4) prior to reduction. 
nents 
The intact fibres were reduced as a suspension in 
buffered saline (pH 7.4) with tritiated potassium 
borohydride as previously described in detail [9]. 
The reduced collagen was hydrolysed (24 hr; 6 N HCl) 
and analysed on a Technicon Autoanalyzer using vo- 
latile buffers. The tritium activity was assayed in 
Bray’s solution using a Packard 3375 liquid scintilla- 
tion counter. The elution patterns obtained are shown 
in figs. 1 and 2. 
2.3. Identity of the radioactive components 
In addition to the elution position of the com- 
ponents on the volatile buffer system, confirmation 
of identity was achieved by analysis of the isolated 
component on the Beckman Amino Acid analyser. 
The mobilities were checked against authentic sam- 
ples obtained either by chemical synthesis or isola- 
tion from reduced collagen. 
2.4. Acrylamide gel electrophoresis 
Denatured, solubilized collagens from the above 
sources were analysed by SDS-acrylamide gel elec- 
trophoresis using the technique described previously 
1101. 
3. Results 
3.1. Reducible cross-links 
(i) Invertebrates. 
The hard supporting body wall of the invertebrate 
sea anemone, Calliactus and Metridium, and the soft 
fibres of Actinia equina all contained syndesine as 
the only significant reducible cross-link (fig. 1 a). The 
reduced sponge revealed a small amount of both syn- 
desinol and hydroxylysinonorleucine, but the major 
peaks were the reduced cross-link precursors (fig. 1 c). 
The body wall of the earthworm contained syn- 
desine as the major reducible component and a small 
amount of hydroxylysinonorleucine (fig. 1 b). 
Ascaris cuticle collagen on the other hand failed 
to reveal the presence of the reducible inter-mole- 
cular cross-links derived from lysine. The four redu- 
cible components present were not identified and 
may be degradation products of reduced cystine. 
(ii) Cyclostomes and elasmobranchs. 
The skins of the lamprey, dogfish and rayfish all 
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Fig. 2. Elution patterns of acid hydrolysates of reduced collagen from (a) skin of higher vertebrates, skin of elasmobranchs and 
skin from cyclostomes; (b) cartilage collagen from higher vertebrates, elasmobranchs and cyclostomes and from sea anemone. 
gave similar elution patterns and are seen to contain 
hydroxylysinonorleucine and, the as yet unidenti- 
fied, Fr. C. as the major inter-molecular cross-links 
(fig. 2a). The cartilagenous backbone of these fish 
again gave similar patterns, this time syndesine being 
the major reducible cross-link (fig. 2b). 
3.2. SDS-acrylamide electrophoresis 
Analysis of the electrophoretic patterns showed 
that all these collagens contain a single (Y component. 
The sea anemone, partially solubilized in SDS, 
revealed a single (Y component of lower mobility 
than mammalian (Y I. After solubilization by pepsin 
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Fig. 3. SDS-acrylamide lectrophoretic patterns of denatured collagen derived from a number of different phyla: lamprey skin, rat 
skin, ray fish skin, bovine tendon, dogfish skin, actinia equina, actinia pepsin treated, bovine tendon. 
treatment a single (IL component with a mobility 
similar to that of mammalian ~11 (fig. 3) was observed. 
The elasmobranch and cyclostome both gave a 
single cr component but in this case it had a mobility 
intermediate between those of mammalian al and 
(r2. The p component similarly had a higher mobility 
than the mammalian /3 components (fig. 3). 
4. Discussion 
The stabilizing inter-molecular cross-links of colla- 
gen fibres from even the most primitive animals have 
been clearly shown to be based on the same bio- 
chemical system as those previously shown to exist 
in higher vertebrates [4-81 . Comparison of the elu- 
tion patterns of the reduced collagen from the body 
wall of the sea anemone, the backbone of the cycle: 
stomes and the elasmobranchs, with those of carti- 
lage and bone of higher vertebrates shows them to 
be basically similar. All the tissues contained synde- 
sine as the only significant reducible cross-link and 
are known to be virtually insoluble in acid buffers 
[2] . Although it is not possible to confirm a direct 
correlation with solubility, all the tissues found to 
possess yndesine as the major cross-link have a very 
low solubility. The predominance of syndesine in 
the invertebrate collagens suggests that the lysine 
residues normally involved in cross-linking are fully 
hydroxylated. 
Similarly the elution patterns of the skin of the 
lamprey and dogfish were basically identical to those 
of the higher vertebrates, all containing the same two 
Schiff base cross-links, hydroxylysinonorleucine and, 
the as yet unidentified, Fr. C. as the major reducible 
cross-links. The labile character of these bonds readi- 
ly accounts for the higher solubility of these tissues. 
It would appear that there is a basic pattern to the 
type of cross-links present in skin, at least in all the 
skins analysed from lamprey up to the higher verte- 
brates. Cartilage possesses the cross-link syndesine 
and this is the only significant reducible cross-link in 
these tissues from sea anemone up to man. Although 
considerable differences occur in the types of cross- 
link present in different tissues, a particular tissue 
has preserved the same type of cross-links thoughout 
the phylogenetic scale. 
In contrast to the sea anemone which has a high 
hydroxylysine content this residue has been reported 
to be absent from the earthworm cuticle [ 111. How- 
ever, analysis of the reduced collagen revealed the 
cross-link syndesine, indicating the presence of at 
least one residue prior to conversion to hydroxylysine 
aldehyde. Ascaris lumbricoides cuticle is stabilized by 
disulphide bonds [ 121 and as might be expected did 
not contain any of the lysine-derived aldehyde bonds 
as additional cross-links. 
SDS-acrylamide electrophoresis produces an ex- 
cellent resolution of the various subunits of mamma- 
lian collagen and the different mobilities of the (~1 
and (~2 have suggested a slight difference in mole- 
cular weight of these chains [lo] . The solubilized pri- 
mitive collagens showed a single a component as 
originally demonstrated by Kulonen and his colleagues 
[2]. An interesting observation was that the mobility 
of the sea anemone collagen was increased by pre- 
treatment with pepsin as a means of solubilizing the 
fibre, suggesting an initial molecular weight higher 
than mammalian (111. 
The absence of the 42 chain in these primitive 
collagens does not appear to affect the type of cross- 
links present in the different tissues, suggesting that 
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it has little relationship to the type of cross-linking 
present. 
Acknowledgements 
The author is indebted to Mr. T.J. Sims for his 
skilful technical assistance and to Dr. S.M. Partridge 
for his continued interest. Thanks are also due to 
the Marine Biological Association, Plymouth, U.K. 
for the supply of the various tissues. 
References 
[2] J. Pikkarainen, J. Rantaren and E. Kulonen, in: Bio- 
chemie et Physiologie du Tissu Conjonctif Symposium, 
ed. P. Comte (Societe Ormeco, Lyon) p. 303. 
[3] A. Nordwig and V. Hayduk, J. Mol. Biol. 44 (1969) 161 
[4] A.J. Bailey and C.M. Peach, Biochem. Biophys. Res. 
Commun. 33 (1968) 812. 
[S] A.J. Bailey, C.M. Peach and L.J. Fowler, in: Chemistry 
and Molecular Biology of the Intercellular Matrix, ed. 
E.A. Balazs, Vol. 1 (Academic Press, New York) p. 385. 
[6] M.L. Tanzer, G. Mechanic and P.M. Gallop, Biochem. 
Biophys. Res. Commun. 39 (1970) 813. 
[7] A.H. Kang and J. Gross, Proc. Natl. Acad. Sci. U.S. 67 
(1970) 1307. 
[S] A.J. Bailey, Biochim. Biophys. Acta 221(1970) 652. 
[9] A.J. Bailey, C.M. Peach and L.J. Fowler, Biochem. J. 
117 (1970) 819. 
[lo] B.C. Sykes and A.J. Bailey, Biochem. Biophys. Res 
Commun. 43 (197 1) 340. 
[l] J. Gross, in: Comparative Biochemistry, eds. M. Flor- 
kin and H.S. Mason, Vol. V (Academic Press, New 
York) p. 307. 
[ 111 M.R. Watson and N.R. Sylvester, Biochem. J. 71 (1959) 
578. 
[ 121 O.W. McBride and W.F. Harrington, Biochemistry 6 
(1967) 1484. 
158 
